ABSTRACT: Hydrated niobium oxides are used as strong solid acids with a wide variety of catalytic applications, yet the correlations between structure and acidity remain unclear. New insights into the structural features giving rise to Lewis and Brønsted acid sites are presently achieved. It appears that Lewis acid sites can arise from lower coordinate NbO5 and in some cases NbO4 sites, which are due to the formation of oxygen vacancies in thin and flexible NbO6 systems. Such structural flexibility of Nb-O systems is particularly pronounced in high surface area nanostructured materials, including few-to monolayer or mesoporous Nb2O5*nH2O synthesized in the presence of stabilizers. Bulk materials on the other hand only possess fewer quantities of acid sites due to lower surface areas and structural rigidity: small numbers of Brønsted acid sites on HNb3O8 arise from a protonic structure due to water content, whereas no acid sites are detected for anhydrous crystalline H-Nb2O5.
Introduction
Apart from the stoichiometric NbO, NbO2 and Nb2O5 phases niobium oxides also exist in various nonstoichiometric, metastable and mixed phases, making Nb-O systems very complex and difficult to study. [1] [2] [3] In terms of structural variety, Nb2O5 and its closely related nonstoichiometric structures present the largest group of niobium oxides. Although the Nb/O ratios are very similar, these non-stoichiometric structures differ significantly with respect to their electrical conductivity, refractive index and photoelectric behaviour. 1, 4, 5 It is well accepted that physicochemical properties of non-stoichiometric structures are highly dependent on their precise structures and thus form the basis for applications of the materials in semiconductor, photovoltaic, solar device and electronic battery industries. Another significant field of use for niobium oxides is photo and acid catalysis. There are a number of nanostructured Nb-O systems claiming further superior performances. [6] [7] [8] [9] [10] It is therefore of great interest to obtain information about the relationships between structure and material properties from bulk to nano size.
Due to the Nb oxidation state of +5 where all 4d electrons are shared with the 2p band of oxygen, Nb2O5 compounds are generally white powders of low conductivity. 1, 4 Further they are structurally based on interconnected NbO6 octahedra linked by corner-or edge-sharing with different degrees of distortion. 11, 12 A great numbers of structures arises from the multiple possibilities of linking the octahedra, as well as from crystallographic shear where mixing of different linkage regions occurs. Another important factor are impurities and oxygen defects leading to deviations from the regular coordination number of six. 1, [13] [14] [15] [16] The Nb2O5 compounds range from crystalline to amorphous, bulk to nano size and anhydrous to hydrated forms. The most common crystalline phases: T-Nb2O5, MNb2O5 and H-Nb2O5 phases were named according to the temperatures (low, medium and high, respectively) they are obtained. 5, 12 H-Nb2O5 is monoclinic and thermodynamically the most stable niobium oxide phase. It consists of layered 3x4 and 3x5 blocks of corner-sharing octahedra with adjacent blocks linked by octahedra edges, and there is one recurring tetrahedral site per unit cell ( Figure 1a) . 1, 5, 17 M-Nb2O5 has a tetragonal structure described by 4x4 blocks of corner-sharing octahedra which are linked by edge-sharing octahedra (Figure 1b) . 1, 5, 18 The T-Nb2O5 phase is orthorhombic and structurally more complicated, involving six and seven-coordinated Nb atoms which produce distorted octahedra and pentagonal bipyramids, respectively. The polyhedra are linked both by corner-and edge-sharing ( Figure 1c) . 1, 5, 19 It is noted that Nb 5+ is the highest oxidation state for the above Nb-O systems, therefore NbO6 units as basic structural feature violates Pauling's electrostatic valence rule. 1, 20 In addition to the small Nb 5+ cation size this induces larger structural distortions of the edge-and corner-sharing octahedra in Nb2O5 compounds. Crystallographic shear, lattice defects and the introduction of oxygen vacancies are further postulated. 5, 13, 16 It is however difficult to employ diffraction techniques to confirm the presence of polyhedra and oxygen deficient regions from the structures without their long range order.
Hydrated forms of Nb2O5 are also common. The water molecules can be incorporated into the structure by providing O 2-as part of the octahedral Nb-O network, while at the same time H + acidic sites are formed. 5, 21, 22 Hydrated niobium oxides have been reported as very strong solid Brønsted acids (BA), containing both terminal and bridging hydroxyls as BA sites. Many of them further contain Lewis acid (LA) sites, which arise from exposure of the Nb centers. 5, 9, 23, 24 Some of these hydrated forms are just denoted as Nb2O5*nH2O, or Nb2O5 without reference to the water content, which can sometimes be misleading. For better studied systems information on stoichiometry and structure is available, such as for HNb3O8: It has a sheet-like structure consisting of alternating layers of protons and niobates/NbO6 octahedra connected by edge-and corner-sharing ( Figure 2 ). 8, 21, 25, 26 Due to their strongly acidic character many of these niobium oxides particular in nanometric size can be used as catalysts, for example in esterification, (de)hydration, (de)hydrogenation and redox reactions, etc. They have successfully been applied in the fields of polymer production, photo-and electrochemistry, hydrocarbon conversions and environmental chemistry. 8, 10, 12, 23, 24 Unfortunately, the structural details and their relation to acidity remain unclear so far, meaning that targeted synthesis is not yet possible. For a rational design and better catalysts for the different application areas, it is therefore of great interest to study the correlations between structure and acidity in more detail. This paper is focused on the studies of Nb2O5 and related hydrated niobium oxides with the help of using various start-of-the-art analytical techniques. Information on structure and morphology is obtained from XRD and TEM, and detailed studies on Nb-O bonding, oxidation states and coordination numbers are performed using Raman spectroscopy, XPS, EXAFS and 93 Nb MAS NMR. Combining the results with observations from surface acidity measurements, new insights into structure-acidity correlations are gained. It is found that nanostructured materials of high surface area and structural flexibility, such as few-to monolayer and mesoporous niobium oxides made with the help of stabilizers, possess large amounts of both LA and BA sites. For hydrated bulk materials of low surface area and high crystallinity only BA sites are detected, which are due to the protonic structure formed upon incorporation of water molecules. LA sites on the other hand appear to arise from oxygen vacancies whose formation is based on a significant degree of structural distortion and flexibility.
Experimental
Niobium Oxide Synthesis A variety of niobium oxides, ranging from bulk to multiand monolayer structures has been synthesized. The bulk material HNb3O8 has been prepared by a conventional solid-state reaction of the precursors K2CO3 and Nb2O5, followed by proton exchange. Few layer niobium oxide (hy-Nb) and monolayer niobium oxide (hy-Nb-TEOA) have been synthesized hydrothermally from Nb(OEt)5 in ammonia solution, in the case of hy-Nb-TEOA under further addition of triethanolamine (TEOA). Both materials have been acid treated before use, in order to remove the basic surfactant species which block their acid sites. Mesoporous Nb2O5*nH2O (meso Nb2O5) has been prepared by hydrolysis and condensation of Nb(OEt)5, followed by soaking in acid solution. Detailed synthetic procedures and references are given in SI. For comparison, commercial bulk Nb2O5 (Alfa Aesar) is used.
Characterization
Sample crystallinity was identified by powder XRD using an X' pert Pro (PANalytical) instrument operating in Bragg-Brentano focusing geometry and using Cuka radiation (λ= 1.5418 Å) from a generator operating at 40 kV and 40 mA.
Sample morphology and microstructure were examined by TEM using a JEOL 3000F microscope operated at 300 kV. TEM specimens were prepared by pipetting 5 µl of the sample dispersion in ethanol onto holey carboncoated copper mesh grids (400 meshes).
Raman spectra were collected on a Perkin Elmer Raman Spectrum 400F using a laser excitation wavelength of 532 nm. 5 scans of exposure time of 10s were taken for each sample. The samples were further dried at 150°C before the measurements.
XPS surface analysis measurements were recorded on a Thermo Scientific K-Alfa XPS instrument equipped with micro-focused mono-chromated Al X-ray source. The source was operated at 12 keV and a 400 micron spot size was used. The analyzer operated at the energy (CAE) of 200 eV for survey scans and 50 eV for detailed scans. Charge neutralization was applied using a combined low energy/ ion flood source. The data acquisition and analysis were conducted with CasaXPS (Casa software Ltd.). The peak position was referenced to the C1s peak of the carbon tape at 285.00 eV.
Oxidation states and local structures of Nb atoms were probed by X-ray absorption fine structure, XAFS, (beamline BL07A at National Synchrotron Radiation Research Center Taiwan). A Si(111) Double Crystal Monochromator (DCM) was used to scan the photon energy and the energy resolution (ΔE/E) for incident X-ray photons was estimated to be 2×10 -4 . Transmission mode was adopted for Nb K-edge EXAFS measurements and at least two scan sets were collected and compared for each sample. The data analysis was performed using IFEFFIT with Horae packages (Athena and Artemes). Calibrations and structural refinements were done using Nb metal as a reference. First shell data analyses were performed under the assumption of single scattering with error estimation given by the R-factor. Comparing the obtained XRD spectra to literature shows that commercial Nb2O5 has a crystalline H-Nb2O5 structure 1,2 (Figure 3a) , the thermodynamically most stable and monoclinic niobium oxide phase which consists primarily of corner-and edge-sharing NbO6 units. The synthesised HNb3O8 also compares well to literature 26, 33 (Figure 3b ), its crystalline structure is known to consist of alternating layers of protons and niobate sheets made of edge-and corner-sharing NbO6 units. When it comes to hy-Nb-TEOA and hy-Nb, the XRD spectra are a lot broader, indicating a significant decrease in crystallinity (Figure 3c ). The synthesis of these two nano-materials was only recently reported 8 but no structural detail about their Nb-O bonding is yet given. It has however been shown that they consist of many discrete thin layers 8 , which is in contrast to bulk Nb2O5 and HNb3O8, as also seen in the TEM images in Figure 4 (a, c-e). Their layer exfoliation is facilitated by the addition of TEOA or ammonia as stabilizers during hydrothermal synthesis, where the stabilizers might also assist in the reduction of these Nb-O systems. Their XRD spectra suggest that hy-Nb-TEOA and hy-Nb have structural similarities to HNb3O8. The peak broadening and shift to lower angles for the (020) diffraction peak, as well as the shift in relative peak intensities can be explained by the increasing interlayer distance and 2D directional orientation when compared to bulk HNb3O8 ( Figure 3c ). Thus, the layer separation results in less rigid and only partially crystalline structures. In the case of mesoporous Nb2O5*nH2O, no structural information can be obtained from the almost flat XRD diffractogram, indicative of its amorphous nature ( Figure 3a) although mesoporous structure is shown by TEM and BET/pore analysis ( Figure 4b and Figure S1 ).
From Raman spectroscopy the same trend in sample crystallinity is observed as from XRD: Commercial Nb2O5 and bulk HNb3O8 give clear peaks indicating higher crystallinity while the broader spectra of hy-Nb and hy-Nb-TEOA indicate lower crystallinity, and finally a very broad spectrum is obtained for the amorphous mesoporous Nb2O5*nH2O ( Figure 5 ). As reported in literature, it is difficult to assign specific Nb-O stretching modes to corresponding frequencies in the Raman spectrum. Especially the frequency ranges between 200 -400 cm -1 and 400 -760 cm -1 do not only correspond to Nb-O stretching modes of long and intermediate bonds but are perturbed by symmetry-related vibrations and coupling between neighbouring entities. 11, 20, 34, 35 The frequency ranges between 760 -1000 cm -1 are better to assign and mostly correspond to the shortest Nb-O bonds in each system. Niobium oxides consisting mainly of corner-shared octahedra tend to have their highest frequency stretching mode in the lower end region of around 800 cm -1 . 20, 34 This relates to their crystal structure with a lower degree in bond length variation between 1.9 -2.0 Å and less structural strain. Niobium oxides consisting significantly of edgeshared octahedra, such as H-Nb2O5, tend to have their highest frequency stretching mode in the upper By careful examining the Raman spectra of this work ( Figure 5 ), it can be seen that the spectrum of commercial Nb2O5 matches well with that of H-Nb2O5 11, 20, 35 , thus consistent with the XRD result. A sharp peak is seen at about 1000 cm -1 , which arises most likely from the significant amount of edge-sharing NbO6 with many short Nb-O bonds in a closely packed structure. 11, 20 For HNb3O8 there is a larger peak at 780 cm -1 but only a very small peak at 1000 cm -1 , suggesting longer bond lengths and less structural rigidity than for Nb2O5. It is known that the crystal structure of HNb3O8 consists of considerable amounts of corner-besides edge-sharing octahedra and is further a layered structure with more structural flexibility 8, 26, 33 , which explains the observed longer bond lengths. A significant Raman peak broadening for hy-Nb and hy-Nb-TEOA compared to the crystalline bulk materials HNb3O8 and Nb2O5 is observed. This is expected from the lower crystallinity and higher structural flexibility of these two materials due to increasing interlayer distances. This supports the previous observations from TEM and XRD. However it is to note that besides a broadening of the typical bond regions an additional large peak is observed around 900 cm -1 for both hy-Nb and hy-Nb-TEOA. This peak is not obvious in the spectra of Nb2O5 and HNb3O8. It implies that there are some structural changes from HNb3O8 to hy-Nb and hy-Nb-TEOA. The feature around 900 cm -1 is believed to arise from octahedral distortions with species such as O=Nb---O, having a double bond like and a single elongated Nb---O bond as part of the octahedron. 11, 20, 34 Since the hy-Nb and hy-Nb-TEOA have very high surface areas and structural flexibility due to their layer separations, this octahedral deformation appears to be reasonable. Finally, the Raman spectrum of mesoporous Nb2O5*nH2O is almost flat, with only a very broad peak in the region of 500 -750 cm -1 , were peaks have also been observed for the other niobium oxides. Unfortunately no further information can be obtained, like-wise to XRD, due to the apparently highly amorphous structure and low symmetry of mesoporous Nb2O5*nH2O.
XPS spectra of the different niobium oxides have been taken as they can give further information about oxidation state and atomic environment. Literature has shown that for niobium compounds the Nb 3d region is generally the most sensitive and characteristic. [36] [37] [38] [39] This region always shows peak doublets due to spin-orbit coupling of the Nb 3d orbital, giving rise to a Nb 3d5/2 and a Nb 3d3/2 peak with an area ratio of 3:2 and a peak separation of 2.72 eV. The doublet position shifts according to oxidation state, with a higher oxidation state causing a shift towards higher binding energies (BEs). 36 40,41 However, the deviation of BE up to 0.5 eV is not uncommon due to instrumental drift and measurement errors. It is thus more important to compare the measured values relative to each other.
The XPS Nb 3d spectrum of commercial Nb2O5 (H-Nb2O5) shows a doublet with a binding energy of 207.1 eV, comparing well with the literature values for Nb 5+ (Figure 6 a.1).
40,41 Since the crystal structure of H-Nb2O5 is known to consist of both edge-and corner-sharing octahedra as well as the occasional tetrahedron 1 , all of which provide different Nb environments, strictly speaking 3 doublets would be expected: Two large doublets in the Nb 5+ region and one very small doublet, potentially shifted towards Nb 4+ . Using an XPS peak fitting program (CasaXPS) it is possible to fit the expected 3 doublets (Figure 6 a. 2), however the peak shifts are too small to get mathematical reliable results, the fitting using one doublet is just as good as that of the 3 doublets. This suggests that the corresponding BE's of the three Nb species are too close to separate. The XPS spectrum of HNb3O8 shows a similar result to H-Nb2O5, giving only one obvious doublet (Figure 6b) despite the fact that two Nb environments are anticipated. As more or less expected from here, the remaining samples of hy-Nb (Figure 6c ), hy-Nb-TEOA (Figure 6d ) and mesoporous Nb2O5*nH2O (Figure 6e ) whose structures remain to be identified, also show only one apparent doublet. It is therefore not possible for XPS to draw conclusions about the number of Nb 26 For the bulk materials Nb2O5 and HNb3O8 the Nb oxidation state of +5 is expected due to their composition of almost purely edge-and corner-sharing octahedra. Whereas, the few-to monolayered materials hy-Nb and hy-Nb-TEOA having larger structural flexibility and disorder than HNb3O8, as previously shown by TEM, XRD and Raman spectroscopy contain a higher contribution of Nb 4+ (a higher degree of average Nb 3d5/2 peak shift)
It is recalled that Raman spectroscopy suggests the presence of a characteristic distorted O=Nb---O species with one double-bond like and one elongated Nb-O bond. With respect to the apparent XPS BE shift towards Nb 4+ , this feature in the case of hy-Nb and especially hy-Nb-TEOA might form the structural basis to give rise to oxygen vacancies during synthesis. Some of the distorted and elongated bonds of Nb---O from O=Nb---O can be broken during a reduction process enabled by stabilizers, resulting in an electron-richer five-coordinated Nb 4+ centre (Scheme 1). It is appreciated that a more pronounced shift towards Nb 4+ character for hy-Nb-TEOA compared to hy-Nb is due to a higher degree of layer exfoliation by TEOA during the synthesis. This increases its structural flexibility and oxygen vacancy formation. The lower coordination number derived by EXAFS for hy-Nb-TEOA (discussed in the next section) also supports this postulation. Interestingly mesoporous Nb2O5*nH2O with its highly amorphous feature shows a similarly high Nb 4+ content as hy-Nb and hy-Nb-TEOA.
As a side note, it is interesting to observe the chemical shift towards Nb 4+ character for hy-Nb-TEOA and mesoporous Nb2O5*nH2O from XPS. The presence of unpaired electrons from Nb 4+ is expected to give coloured samples, such as in NbO2 with a blue colour. 1 However, all the niobium oxide samples studied are white in colour, leaving two possible explanations: the amount of Nb 4+ species could be too small to create a detectible colour. Alternatively, it could be the partial electronic delocalization in the Nb-O networks. Instead of forming individual Nb 4+ species upon oxygen removal, the electrons might be delocalized amongst the Nb centres in NbO6 networks. This would also explain why a shift in total oxidation state rather than separate signals from Nb 5+ and Nb 4+ are detected in XPS. Such network sharing or building of a superstructure for defects present in large amounts has been suggested for conductive metal oxides in literature. 16, 42 It is noted that we have restrained ourselves from analysing the corresponding O1s spectrum instead of using the Nb 3d to deduce the degree of oxygen vacancies in these materials. It is because the presence of oxygen impurities in carbon tape as the random but significant background gives a non-compensable contribution to the O1s spectrum. This reduces the useful information that can be obtained from O1s analysis.
Scheme 1. Proposed oxygen vacancy formation during synthesis with stabilizers

Based on observations from Raman, XPS and EXAFS
For further investigation of the local Nb environment XAFS measurements have been done. The obtained x-ray absorption near edge spectra (XANES) of the Nb K-edge are displayed in Figure 7 . Generally, a higher oxidation state causes a shift towards higher absorption energies. But in the case of Nb 5+ versus Nb 4+ the energy gap is rather small and may be obscured by the presence of a preedge peak and other shape factors. 43, 44 It has been reported that Nb 5+ species as in Nb2O5 with a higher oxidation state display a larger pre-edge peak than Nb 4+ species as in NbO2. 43, 45, 46 Although the pre-edge peaks of our measured niobium oxide samples are very close in position, the order of the peak size of Nb2O5 > HNb3O8 > hy-Nb-TEOA > hy-Nb > mesoporous Nb2O5*nH2O (Figure 7 ) can be seen. They follow a similar trend as in XPS, however there Figure 7 . XANES Nb K-edge absorption spectra for the different niobium oxides are discrepancies in the precise order for the structures of hy-Nb, hy-Nb-TEOA and mesoporous Nb2O5*nH2O. It is to bear in mind that the size of the pre-edge peak is not only dependent on oxidation state but also on the coordination environment. 47, 48 In this context it should be mentioned that the average coordination numbers of the fewto monolayer and the porous material are significantly lower than for the bulk materials (Table 2) .
Information on bond distances and coordination number can be obtained by analysis of the extended x-ray absorption fine structure (EXAFS). [44] [45] [46] 49 The fitted k and R ranges for the first neighbours (1 st O-shell) of each sample can be found in the Supporting Information, where the R space amplitude relates to the radial distance from Nb at which bonds to neighbouring atoms are present. The calculated Nb-O bond lengths and coordination numbers are displayed in Table 2 . For commercial Nb2O5 (HNb2O5) two Nb-O types with bond lengths of 1.76 Å and 1.96 Å are obtained, with respective Nb coordination numbers of 1.4 and 4.3, giving a total of 5.7. The numbers correlate well with the crystal structure of H-Nb2O5 that is made mainly of octahedra and very few tetrahedra 1 , resulting in an average coordination of just below 6. It has further been reported in literature that corner-sharing octahedra consist of uniform Nb-O bonds of 1.9 -2.0 Å while the more distorted edge-shared octahedra vary in bond lengths between 1.73 -2.26 Å. 20, 34, 44 It appears that the measured Nb-O bonds of 1.76 Å represent the shorter edge-sharing octahedral bonds, while 1.96 Å with a larger average coordination number represents both the longer edge-sharing and the uniform corner-sharing bonds. For HNb3O8 two similar Nb-O bond lengths with respective coordination are obtained, plus a third Nb-O bond of 50 The total coordination number is 6.2, correlating well with the layered structure known to consist of NbO6 sheets with a theoretical coordination of 6. The Nb-O bonds of similar nature to Nb2O5 are probably again due to the edge-and corner-sharing octahedra present, while the additional longer bond type likely arises from the layered structure with a gain in flexibility along the z-axis. The overall increase in bond length and structural flexibility for HNb3O8 compared to Nb2O5 also compares well with the observations from Raman spectroscopy. For hy-Nb the trend in bond lengths and coordination numbers is similar to HNb3O8, supporting their structural similarities as shown by XRD. The overall longer Nb-O bonds of hy-Nb are a sign of higher structural flexibility due to layer separation as shown previously. With a total coordination number of below 6 this likely includes the formation of some oxygen vacancies as suggested by XPS. These observations become more apparent for the few-to monolayered hy-Nb-TEOA, with even longer Nb-O bonds and a total coordination number of only 4.8. Interestingly, the percentage of the longest Nb-O bond type (Nb-O3) is largely reduced compared to hyNb and HNb3O8, suggesting the complete removal of significant amounts of elongated Nb---O bonds. This results in the formation of oxygen vacancies and a greatly distorted structure with reduced average coordination numbers. It goes in line with the XPS observations of an increased Nb 4+ character for hy-Nb-TEOA (Scheme 1). For mesoporous Nb2O5*nH2O, as for Nb2O5, there are only two types of Nb-O bonds measured with 1.91 Å and 2.10 Å and respective coordination of 0.9 and 3.6. The overall longer bonds compared to Nb2O5 suggest a rather loose and flexible packing of structural units, pointing towards corner-sharing NbO6. With a coordination number of only 4.5, the structure could be a mix of four-, five-and six-coordinated Nb-O units, which would match its amorphous nature (Scheme 2). It is difficult to make a more specific statement on coordination numbers since the calculated numbers present an average and involve fitting limitations.
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Scheme 2. Proposed structure of amorphous mesoporous Nb2O5*nH2O
Based on EXAFS and XPS results (protons not shown)
Further comparison can be drawn by observing the 93 Nb static broadline NMR data of the niobium oxide samples measured at 14.1 T. The 100% natural abundance, high gyromagnetic ratio and I=9/2 spin number of the 93 Nb nucleus are the aspects that are advantageous to these static NMR measurements. However the large convoluted quadrupolar (CQ) and chemical shift anisotropy (CSA) contributions to these linewidths often lead to a significant broadening of the central transition resonance, even at very high magnetic field strengths. These complex characteristics describing the 93 Nb static linewidth often reduce the effectiveness of fast MAS rates when attempting to determine accurate values of the 93 Nb NMR parameters. 30, [52] [53] [54] Octahedrally coordinated NbO6 environments are normally observed to exhibit δiso values in the range of ~−900 -−1100 ppm, with quadrupole coupling constants (CQ) typically ranging from 0-~55 MHz. Four coordinate NbO4 and five coordinate NbO5 positions generally possess lower point symmetry and are characterised by more downfield δiso values in the range of ~−700 -−850 ppm and very large CQ values of >80 MHz. 30, 38, 53 The tendency for NbO4 to assume the reduced Nb 4+ oxidation state can result in signals which are influenced significantly by paramagnetic broadening and associated paramagnetic shifts. The static broadline 93 Nb NMR data for the niobium oxide samples is shown in Figure 8 . On first inspection it is apparent that Nb2O5 exhibits more distinct lineshape features than the remaining samples. The HNb3O8 spectrum is consistent with that previously reported, where it has been shown to consist of two quadrupolar/CSA broadened resonances assigned to the two chemically distinct edge-sharing and corner-sharing NbO6 positions. 38 The Nb2O5 lineshape is broader and less well defined than that for its HNb3O8 counterpart. This is in agreement with previous studies which have demonstrated that a larger Table 3 . δCG and full width at half maximum of the NMR resonances for the different niobium oxides δCG and FWHM values were determined from corresponding Gaussian fittings of the NMR spectra.
number of non-equivalent Nb sites is a specific feature of Nb2O5 phases, and that numerous overlapping NbO6 subspectra comprise the static 93 Nb NMR lineshape. 30 The 93 Nb spectra for hy-Nb, hy-Nb-TEOA and mesoporous Nb2O5*nH2O all exhibit featureless lineshapes representative of more disordered systems. The apparent centre-ofgravity shifts δCG suggest that each system is dominated by NbO6 moieties; NbO4 and NbO5 species with 93 Nb linewidths typically ≥ 1 MHz are too broad to be detected by single solid echo experiments. The width of the line shape for mesoporous Nb2O5*nH2O is greater than for the other spectra, suggesting a greater structural disorder. Therefore, the 93 Nb NMR results follow the trend in crystallinity of Nb2O5/HNb3O8 > hy-Nb/ hy-Nb-TEOA > mesoporous Nb2O5*nH2O, hence matching with the XRD and Raman results.
Due to the disordered nature of some of the NMR spectra it is difficult to derive the accurate NMR parameters. However, the centre of gravity of the chemical shift (δCG) of each line shape can be measured and is shown in Table  3 . As seen, Nb2O5 has a significantly more negative δCG than the other niobium oxides. Similarly to the EXAFS result, this change in δCG could represent a trend in average oxidation state/coordination number from Nb 5+ in Nb2O5 to an increase in Nb 4+ character in the disordered materials.
Correlation of Structure and Acidity
In order to look at the relation between niobium oxide structure and acidity, a summary of the acidity measurements from our previously published work 56 is given in Table 4 . Acid type (Brønsted versus Lewis), strength and quantity for each material have been probed by TMP 31 P NMR. TMP is an electron donor molecule that can form a stable adduct with an exposed cation (Lewis acid, LA) or proton (Brønsted acid, BA) of an oxide surface, via coordination of the P atom to the LA or BA center. Due to variations in the 31 P chemical shift (δ31P) of the surface TMP-LA and TMP-BA complexes, a differentiation between acid type and further strength is possible. For details on TMP 31 P NMR measurements, see Supporting Information. Surface areas were obtained from BET measurements, Acid site analysis (qualitative and quantitative) by TMP 31 P NMR, BA region: ̴ 0 to -6 ppm, LA region: ̴ -20 to -45 ppm, less negative ppm shift means stronger acidity within each region 57, 58 In general for solid acid metal oxides, BA sites are protonic surface sites in the form of strongly acidic bridging or terminal hydroxyl groups. 57, 59 LA sites arise from the exposure of electron deficient metal centres, for example due to lower numbers or distortion of coordinating oxygens. 24, 60 For Nb2O5 no acid sites are detected which is consistent from a structural point of view: protons giving rise to BA sites are not part of the crystal structure of HNb2O5. Further the rigid network of edge-and cornersharing octahedra with a highly coordinated niobium centre makes the formation of LA sites/ TMP-LA adducts difficult. In addition, the general surface area of these bulk materials is low. The number of possibly formed LA sites from strongly distorted surface octahedra is thus not surprisingly below the detection limit. The same argument applies for HNb3O8 regarding LA site formation. BA sites/ TMP-BA adducts on the other hand are detected in this case, as expected due to the bulk layer structure consisting of alternating proton and niobate sheets.
If few-to monolayer hy-Nb and hy-Nb-TEOA were based on the exact same structural units as HNb3O8, an increase in BA sites according to surface area would be expected. However, in both cases the increase in BA sites is less pronounced (only about half) than expected from the increase in surface area (Table 4) . Instead a large amount of LA sites is detected. It has been suggested that the removal of BA sites in form of water (2H + and 1O 2-from the Nb-O network) can result in the formation of LA sites. 5, 60 Considering the fact that the reaction between two BA sites in form of a proton and a terminal hydroxyl group yields a water molecule and an oxygen vacancy, one accessible LA site (for TMP adsorption) is created (Scheme 3). This can explain the comparably low amounts of BA sites on hy-Nb and hy-Nb-TEOA, where during synthesis in the presence of stabilisers LA sites are created from the removal of BA The above mechanism of water removal/LA site creation can already account for half the quantity of LA sites formed as BA sites removed. But significantly larger LA site quantities than expected from here were measured, indicating that the LA sites present do not entirely arise from the removal of BA sites. Other factors such as the removal of oxygen from Nb-O systems under reducing synthetic conditions (surfactants) likely play a role in LA site formation. As discussed earlier, the formation of oxygen vacancies during stabiliser synthesis could proceed via breakage of Nb---O bonds in the parent O=Nb---O structure, which creates Nb 4+ and allows free access for TMP-LA adduct formation (Scheme 4). It is of further interest to note that the LA site strength of hy-Nb is lower than that of hy-Nb-TEOA (Table 4) . This is likely due to the more pronounced Nb 4+ character (XPS) of hy-Nb-TEOA with an overall lower coordination number (EXAFS), indicating more structural flexibility with more and stronger LA sites, possibly involving charge delocalization as discussed earlier. Previous analysis 8 on the mono-layer structure of hy-Nb-TEOA compared to few-layer hy-Nb also supports this increased structural flexibility and defect formation. At this point it should be noted that the lower acid site quantities and lower surface area measured for hy-Nb-TEOA compared to hy-Nb do not seem to agree with the above observations. However, a significant degree of re-stacking due to monolayer instability of hy-Nb-TEOA upon drying is likely to cause this deviation towards lower surface area and lower exposed than actual acid site quantities. It is to note that after the synthesis, the stabilizers (TEOA and ammonia) are removed by acid treatment. 56 For catalytic applications as discussed later, layer separation after acid treatment can re-stabilised in solution. In terms of BA site strength, hy-Nb-TEOA is more acidic than hy-Nb, which in turn is significantly more acidic than HNb3O8. This increase in acid strength for hy-Nb and further hy-Nb-TEOA could be caused by shifts in proton position along the Nb-O network upon few-to monolayer synthesis, where for example oxygen removal/LA site formation can induce such shifts to stronger bridging hydroxyl positions (Scheme 4).
Overall, it appears that the complexity of structural changes in hy-Nb and hy-Nb-TEOA compared to bulk HNb3O8 is the result of their high structural flexibility. At least two processes seem to be involved in LA site formation, where one mechanism gives rise to oxygen vacancies via the removal of two adjacent BA sites in form of water. Another mechanism of oxygen vacancy formation appears to proceed via the reduction process of O=Nb---O, which could further induce proton shifts as cause for the observed increased protonic strength (Scheme 5). Mesoporous Nb2O5*nH2O also shows large amounts of both BA and LA sites, which can be explained by its high surface area and structural flexibility as for the layered nano-materials. Its intrinsic porosity (TEM) with loose packing of most likely corner-sharing NbO4, NbO5 and NbO6 units (EXAFS and XPS) is formed during etching/acid-soaking in the synthesis process. Resulting low coordination numbers and oxygen vacancies give rise to significant amounts of LA besides BA sites. The observed LA site strength is comparable to that of hy-Nb-TEOA, which goes in line with their similar properties regarding the increased Nb 4+ character (XPS) and low coordination numbers (EXAFS). The comparatively low BA site strength suggests the presence of terminal rather than bridging hydroxyls 21, 59 , which supports a network consisting of lower connectivity corner-sharing more than edgesharing Nb-O units (Scheme 6). The different niobium oxides were tested with respect to their acid catalytic performance in glucose and fructose conversion to hydroxymethylfurfural (HMF) in water. The conversion of sugars to HMF over solid acids in water shows generally much lower yields than biphasic systems or ionic liquids, due to side reactions and product degradation. [61] [62] [63] However, due to the cost-, separation-and environment-friendly features of using just water as the solvent in combination with heterogeneous catalysts such as niobium oxides, these processes are worth-while of further investigation. As shown in our previous work, hyNb, hy-Nb-TEOA and mesoporous Nb2O5*nH2O exhibit superior performance in glucose conversion with up to 36% HMF yield compared to bulk HNb3O8 and Nb2O5 (below 18% yield). 56 This can be related to the presence of LA sites on the nano materials, since LA sites catalyse glucose conversion to HMF much more efficiently than BA sites. It is suggested in literature that glucose conversion to HMF involves the LA catalysing isomerization to fructose as important step before further conversion to HMF. 61, [64] [65] [66] Fructose conversion to HMF on the other hand is a BA catalysed reaction, with the niobium oxides of weaker BA strength showing better performance, most likely due to reduced side reactions. Overall, mesoporous Nb2O5*nH2O proved the best niobium oxide catalyst for glucose and fructose conversion (both 36% HMF yield), due to the presence of LA sites and its comparably weak BA sites. 56 Decent performance was also shown by hy-Nb (30% HMF yield), while the relatively weak BA catalyst HNb3O8 showed good results for fructose conversion (34% HMF yield) but performed worse for glucose (18% yield). We propose the following mechanisms for glucose to fructose isomerization over exposed Nb centres/LA sites and for fructose to HMF formation over BA sites/weaker terminal hydroxyls (Scheme 7). 
Conclusions
Summing up all observations and conclusions made from the above structural analysis (XRD, TEM, Raman, XPS, EXAFS and NMR) supported by acid site analysis, the following characteristics stand out: the crystalline but low surface area/bulk materials Nb2O5 (H-Nb2O5) and HNb3O8 consist primarily of ordered edge-and corner-sharing NbO6 octahedra with an average oxidation state of Nb 5+ . Nb2O5 has a block structure with acid site quantities below the detection limit (TMP NMR), while HNb3O8 is made of layers of niobates interconnected by protons with detectable Brønsted acid (BA) sites as expected. Both Nb2O5 and HNb3O8 have been studied to detail in literature 1, 5, 8, 33 and are therefore used for comparative study of the remaining niobium oxides. Hy-Nb and hy-Nb-TEOA have structural similarities to HNb3O8 but are few-to monolayered instead of bulk materials. It gives them higher surface areas and more structural flexibility with longer Nb-O bond distances and O=Nb---O species arising from distorted NbO6. Large amounts of Lewis acid (LA) besides BA sites are detected and average coordination numbers of below 6 and a shift in oxidation state towards Nb 4+ are observed. This points towards the presence of oxygen vacancies in hy-Nb and hy-Nb-TEOA, explaining the origin of the observed LA sites. These oxygen vacancies/LA sites are formed during synthesis in the presence of stabilizers, where one possible route involves the removal of BA sites in form of water with the simultaneous formation of NbO5. Another route involves the removal of oxygen from elongated bonds as in O=Nb---O to form NbO5, with the simultaneous formation of Nb 4+ character and proton shifts, further reflecting the increased BA strength of hy-Nb and hy-Nb-TEOA. Overall, the flexible thin layer structures of hy-Nb and hy-Nb-TEOA consisting of NbO6 units with distortions and defects, synthesized in the presence of stabilizers, give rise to large amounts of LA and BA sites compared to bulk layer HNb3O8. For mesoporous Nb2O5*nH2O the structural analysis proves more difficult due to its highly amorphous nature, but some structural insights can still be obtained. The rather long and uniform Nb-O bond distances point towards a loosely packed structure consisting of mostly corner-sharing units. With an oxidation state shifted towards Nb 4+ and an average coordination number of about 5, a mixed structure containing different species such as NbO4, NbO5 and NbO6 is likely for mesoporous Nb2O5*nH2O. Again large amounts of LA and BA sites are detected, due to the high porosity and loose network structure formed during acid-soaking in the synthesis process. LA sites show comparable acid strength to that of hy-Nb-TEOA and most likely arise from the lower coordinate NbO4 and NbO5 units. BA sites of comparably low strength support the presence of a lower connectivity corner-over edge-sharing network with terminal rather than bridging hydroxyls. With an overall better understanding of how acidity is related to structure, targeted synthesis becomes possible and solid acid catalysts meeting specific catalytic requirements can be developed.
